ABSTRACT: The cell-free transcription−translation of multiple proteins typically exploits genes placed behind strong transcriptional promoters that reside on separate pieces of DNA so that protein levels can be easily controlled by changing DNA template concentration. However, such systems are not amenable to the construction of artificial cells with a synthetic genome. Herein, we evaluated the activity of a series of T7 transcriptional promoters by monitoring the fluorescence arising from a genetically encoded Spinach aptamer. Subsequently the influences of transcriptional promoter strength on fluorescent protein synthesis from one, two, and three gene operons were assessed. It was found that transcriptional promoter strength was more effective at controlling RNA synthesis than protein synthesis in vitro with the PURE system. Conversely, the gene position within the operon strongly influenced protein synthesis but not RNA synthesis.
C ell-free gene expression has served as a powerful platform from which to advance basic research and biotechnology. The triplet code for peptide synthesis was deciphered by using cell-free protein synthesis, 1 and difficult to express and toxic proteins are oftentimes produced with cell-free systems. 2 More recently, synthetic biologists have exploited cell-free systems for the optimization of genetic circuitry for later placement in living cells 3, 4 and as a basis for the construction of artificial cells. 5−9 In terms of methodology, what most of these studies share is a reliance on multiple plasmids or linear DNA fragments encoding the biological parts needed for desired activity. Additionally, since protein yield is largely dependent upon template DNA concentration, 10 pathway optimization often follows the screening of relative DNA concentrations of each construct. However, these methodologies are not amenable to efforts in building artificial cells. First, it is difficult to efficiently encapsulate multiple pieces of DNA inside of a single vesicle. Since a minimal cell that is dependent upon protein activity is hypothesized to require 200 genes 11 or more, many genes will need to be on the same piece of DNA to support artificial cellular life. Second, the expression of gene clusters as operons, which requires that the genes are on the same piece of DNA, facilitates the construction of genetic cascades by decreasing the number of needed biological parts.
While recent work has helped to advance cell-free research, many questions remain. Computational modeling suggests that metabolic load plays an important role in protein synthesis, 12 which is consistent with cell-free optimization methods that exploit dialysis 13 or permeable vesicles. 14 More specifically, the supply of two components (ATP and GTP) that are involved in both transcription and translation was identified as the primary constraint on protein synthesis. 12 In other words, according to this model, increased transcription could lead to decreased protein production. Conversely, a combined modeling and experimental study by Stogbauer et al. observed a direct correlation between DNA template concentration and mRNA and protein production for monocistronic genetic constructs, 15 meaning that more mRNA resulted in more protein. Instead of metabolic load, ribosome inactivation appeared to be responsible for the premature cessation of protein synthesis. 15 Assuming that both metabolic load and ribosome stability are important determinants of gene expression, then perhaps the metabolic demands of expressing a single gene is not sufficient to exhaust the chemical resources before ribosome activity degrades. If true, then the cell-free expression of polycistronic operons may show signs of metabolic load on expression levels. It should be noted that although metabolic load is important for living cells, 16 the effects are not likely to be the same in vitro due to the lack of efficient regeneration systems in cell-free systems. system 18 that efficiently produces protein in vitro 19, 20 and inside of vesicles. 21, 22 Although environmental sensing artificial cellular mimics have been constructed by exploiting the activity of the PURE system, 23, 24 little is known about the influence of genetic organization on in vitro protein expression. Previously, we characterized the influences of bicistronic spacing and different fluorescent proteins on protein expression and detection, respectively. 25 In light of recent modeling and monocistronic gene expression work, 12, 15 we sought to further characterize in vitro polycistronic expression. More specifically, the influence of T7 transcriptional promoter strength was evaluated in terms of mRNA and protein production of onegene, two-gene, and three-gene operons. RNA levels were quantified through the incorporation of a Spinach aptamer domain 26 within the 3′ untranslated region (UTR) of the transcript. Simultaneous protein and RNA synthesis were monitored with genetic constructs encoding both Spinach and a fluorescent protein.
■ RESULTS AND DISCUSSION
Real-Time In Vitro Transcription Can Be Monitored with Spinach. The Spinach aptamer 26 is an RNA sequence that binds a small molecule mimic of the chromophore of green fluorescent protein. In aqueous solution the fluorescence of the small molecule 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) is low but upon binding to Spinach the quantum yield of DFHBI greatly increases. To determine if Spinach can be exploited for the real-time monitoring of transcription, the Spinach aptamer sequence was encoded within DNA behind a T7 transcriptional promoter and the reaction initiated by the addition of T7 RNA polymerase in the presence of DFHBI at 37°C (Figure 1a ). An increase of fluorescence was observed for approximately 2 h that subsequently leveled off. The transcription rate was 1.6 nucleotides/s, which was consistent with previously determined values. 15 Since different versions of the aptamer were described earlier, 26, 27 including a truncated version (Spinach-min) and a full-length version (Spinach) that was used above, the truncated version was also examined for compatibility with in vitro transcription. For stability reasons, both sequences are often embedded within a tRNA scaffold, 28 and so, Spinach and Spinach-min were additionally tested within a tRNA scaffold. Such scaffolding sequences are thought to stabilize the threedimensional fold of the RNA and to protect against nuclease activity in vivo. After 2 h of expression, both Spinach-min constructs failed to give detectable fluorescence under the conditions employed (Figure 1b) , whereas Spinach embedded within a tRNA scaffold gave a fluorescence signal that was 39% ± 4 lower than Spinach without the scaffold. To confirm that the fluorescence signal was due to Spinach, an antisense oligonucleotide designed to disrupt the DFHBI binding pocket was added after 2 h of transcription. Fluorescence decreased in proportion to the oligonucleotide concentration, consistent with a linear relationship between Spinach fluorescence and RNA concentration (Supporting Information Figure S1a) . Finally, the influence of DNA template concentration on the fluorescence signal was evaluated. The data fit a logarithmic function and reached a plateau after 30 nM of DNA template (Supporting Information Figure S1b) .
The in vitro expression of the Spinach aptamer was used to evaluate the effect of the DNA template sequence on RNA yield. It was desirable to use linear, PCR product DNA template rather than plasmid DNA so as to facilitate the construction and rapid testing of many constructs. Since the sequence context of the promoter can influence transcription, regions 5′ and 3′ to a standard T7 promoter were first evaluated in terms of their influences on RNA production. A standard T7 promoter sequence was used without additional 5′ residues and with two different 5′ extensions that were 5 bp in length (Supporting Information Figure S2a ). The inclusion of either prepromoter sequence resulted in over 80% more RNA produced in comparison to the promoter lacking additional 5′ residues (Supporting Information Figure S2b ). Four different 10 bp 5′ extensions were then evaluated. None of the sequences improved or diminished RNA yield when compared to the 5 bp extension sequences (Supporting Information Figure S2b ). Therefore, a 5′ extension of CCGGT was used for the remainder of the experiments. Next, the sequences 3′ to the promoter were assessed by individually mutating each position from +1 to +6. The data were consistent with previous reports showing a strong dependence on the presence of guanosine residues for high RNA production (Supporting Information Figure S3 ). The region 3′ to the promoter was chosen to be GGGAGA for the remaining experiments.
A set of 21 T7 transcriptional promoters was generated by mutating promoter positions within constructs maintaining constant regions 5′ and 3′ to the promoter. Fifteen of the constructs were mutated at single positions, whereas double, triple, and quadruple mutants were represented by two, three, and one construct(s). The mutation positions were based on previous work 29 and sequences found naturally in T7 bacteriophage. Promoter activities were gauged by the total amount of RNA produced after 2 h of transcription at 37°C. The set of 21 promoters showed activity from 5% to over 110% of the standard T7 promoter (Figure 2 ). The data were confirmed by qPCR (Supporting Information Figure S4 ), and Table  S1 .
the quantification of band intensities of ethidium bromide stained agarose gels (Supporting Information Figure S5 ). Taken together, Spinach can be used to monitor transcription in real-time, and a set of T7 promoters was characterized for subsequent use in cell-free transcription-translation reactions.
Spinach and Fluorescent Proteins Allow for the Simultaneous Monitoring of In Vitro Transcription and Translation in Real-Time. A Spinach coding sequence was placed within the 3′-UTR of a gene encoding the red fluorescent protein (RFP) mRFP1 so that both RNA and protein production could be monitored in real-time by fluorescence spectroscopy. Although Spinach in the absence of a tRNA scaffold gave more intense fluorescence readings for transcription reactions alone, both constructs with and without the scaffold were tested for activity in transcription-translation reactions. In this case, the inclusion of the tRNA scaffold increased fluorescence over 10-fold with respect to the Spinach construct lacking the scaffold ( Figure 3 ). Importantly, RNA and protein could be monitored in real-time simultaneously. As was expected, 15 RNA production was observed prior to protein synthesis, and the protein signal followed a sigmoidal distribution. The time needed to reach half maximal fluorescence 25 was 36 min ± 1 for RNA and 66 min ± 0.3 for protein synthesis. The measured translation rate of 0.03 amino acids/s was the same as previously reported for the PURE system. 15 PCR product DNA template lead to double the RNA and 12% ± 3 more protein than plasmid template when the same number of molecules of DNA were used (Supporting Information Figure S6 ). The DNA template concentration more strongly influenced the amount of RNA produced. A 4-fold difference in DNA concentration resulted in a 2-fold difference in final RNA concentration, whereas the same range of DNA template concentration resulted in less than a 25% difference in the final protein concentration (Supporting Information Figure S7 ).
T7 Transcriptional Promoter Strength Is More Effective in Controlling RNA Synthesis In Vitro than Protein Synthesis. DNA sequences encoding either RFP or the green fluorescent protein (GFP) GFPmut3b and Spinach within a tRNA scaffold were placed behind the set of T7 transcriptional promoters described above. For both RFP and GFP containing constructs, the fluorescence arising from Spinach, and thus the amount of RNA produced, gave consistent results in the sense that the relative promoter strengths were the same during transcription-translation as for transcription alone (Supporting Information Figure S8 ) and were the same for both RFP and GFP containing constructs (Figure 4) . A plot of the concentration of RNA and protein produced for each promoter from RFP and GFP encoding templates showed a linear relationship (Supporting Information Figure S9 ) suggesting that the relative promoter strength was not greatly influenced by the folding or sequence composition of the transcript. Although protein levels were also controlled by transcriptional promoter strength (Figure 4) , the final protein concentrations were clustered between low and high without many transcriptional promoters resulting in intermediate protein concentrations. For example, weak transcriptional promoters gave final protein concentrations of approximately 1 μM, whereas the stronger transcriptional promoters typically resulted in 3 μM and greater than 4 μM GFP and RFP, respectively. Only protein capable of fluorescing was detected by this assay, and so, differences between GFP and RFP levels may reflect differences in the formation of the chromophore or protein folding in addition to the amount of protein expressed. Since both RNA and protein production were monitored simultaneously, the influence of RNA template concentration on protein synthesis was evaluated. Protein synthesis showed a much more pronounced dependence on RNA template concentration than RNA synthesis had on either DNA template concentration or transcriptional promoter strength (Supporting Information Figure S10 ). Therefore, small changes in the amount of RNA resulted in greater changes in the final protein output, particularly when RNA concentrations were low. Indeed, the ratio of protein to RNA concentration was 8 for weak transcriptional promoters, such as FC122 and FC109. As the transcriptional promoter strength increased, the protein to RNA concentration ratio decreased down to 1 for the strongest promoters tested. It should be noted that for all reactions, protein synthesis stopped before 3 h, consistent with previous reports with the PURE system. 15 The addition of more nucleotides or purified ribosomes did not extend the synthesis time (Supporting Information Figure S11) .
To determine the influence of transcriptional promoter strength on two-gene operons, genetic constructs were assembled in which RFP was placed upstream of GFP and vice versa. All constructs contained Spinach within a tRNA scaffold at the 3′-end and 10 different transcriptional promoters at the 5′-end. Due to spectral overlap between Spinach and GFP, versions of both two-gene operons were additionally constructed with a mutated, nonfluorescent GFP in place of the fluorescently active GFP. With these four constructs, the protein and RNA concentrations could be determined. The amount of full-length transcript decreased by 45% ± 14 when GFP was in the first and RFP in the second gene position than the opposite arrangement, suggesting that the differing positioning of the genes affected the folding of the mRNA. 30 The relative promoter strengths were largely consistent regardless of the arrangement of genes or whether the construct encoded one or two genes ( Figure 5 ). The twogene operon data were also similar to the one-gene constructs in that the resulting protein levels showed a narrower distribution (the highest protein concentration was 2 to 3-fold greater than the lowest) as a result of transcriptional promoter strength than observed for RNA (the highest RNA concentration was 5 to 10-fold greater than the lowest).
Finally, the influence of transcriptional promoter strength on the expression of three-gene operons was evaluated. A threegene construct was assembled with the first and second genes coding for nonfluorescent versions of GFP and the cyan fluorescent protein (CFP) mCerulean, respectively. The third gene encoded RFP and the 3′-UTR contained a scaffolded spinach sequence. Ten transcriptional promoters were tested. The relative RNA concentrations resulting from the in vitro transcription-translation reactions were consistent with the promoter strengths determined from the one-gene and twogene constructs. Similarly, RFP expression from the third position of the three-gene operon gave a small range of protein concentration (here, between 0.1 μM and 0.3 μM). To ensure that the promoter strength continued to affect protein expression from the first two genes of the three-gene operon, an analogous three-gene operon was constructed with all three genes encoding functional fluorescent protein, and three different transcriptional promoters were tested. Promoter strength clearly influenced protein expression from all three gene positions (Figure 6 ).
Gene Position within Multigene Operons Strongly Affects Protein Expression. The most dramatic effect on protein expression observed did not stem from the influence of transcriptional promoter strength, but rather the position of the gene within the operon. For example, protein yield decreased 7-fold when monicistronic and bicistronic RFP constructs were Figure 5 . Bicistronic transcription−translation with the PURE system. The DNA templates encoded RFP and GFP with Spinach in a tRNA scaffold within the 3′-UTR. Reactions were incubated for 6 h at 37°C. Although the RNA yield was less when GFP was in the first gene position, the relative strength of the promoters were largely constant.
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Research Article dx.doi.org/10.1021/sb4000977 | ACS Synth. Biol. XXXX, XXX, XXX−XXX compared (RFP was encoded by the position furthest from the 5′-end). The last position of the three-gene operon decreased RFP expression an additional 4-fold when compared with the two-gene operon (Supporting Information Figure S12 ), consist with previous reports on polycistronic expression. 31 The influence of transcript length on protein expression was not the result of variable mRNA concentration since the amount of RNA produced from each construct varied by less than 20% and tended to increase rather than decrease in concentration as the number of genes in the operon increased (Supporting Information Figure S12 ). Even in cases in which the transcript length was maintained, the switching of gene order within the bicistronic operon greatly influenced the amount of protein produced. RFP and GFP protein concentrations dropped 6-fold and 2-fold, respectively, when encoded by the second instead of the first gene of the operon ( Figure 5 ). To gain further insight into the effect of gene position on expression levels, three-gene operons were constructed in which the encoded transcript length was maintained but the order of the genes was changed. The amount of each protein decreased as the gene coding for the protein moved from the first, to the second, and the third gene-position of the operon (Figure 7) . On average, the decrease in protein concentration was 6-fold and 12-fold, respectively, in comparison to expression from the first gene position.
The reason for the differences in protein expression from each gene in the operon is not clear. The fact that protein expression generally decreases as the length of the transcript increases is consistent with the greater possibility of longer RNA molecules attaining more stable tertiary structures that interfere with translation. For example, RNA folding can occlude ribosome binding sites. 32 In our system, we observed that the expression of RFP from the first gene position of twogene and three-gene operons gave 25% ± 9 and 7% ± 10, respectively, less protein than moncistronic expression. The data are in contrast to similar in vivo measurements in E. coli by Lim et al. where longer transcripts were associated with increased protein expression. 33 It may be that the increased accessibility of the 5′-end of mRNA simply facilitates recognition of the ribosome binding site by the ribosome resulting in preferential expression. It should be noted, however, that transcription and translation are not coupled in the PURE system, in the sense that RNA is produced much faster with T7 RNA polymerase than protein is synthesized with E. coli ribosomes. Therefore, the influences of transcriptional promoter strength with the PURE system are not expected to closely resemble the behavior observed in vivo or with E. coli-based extract systems. 3 The optimization of genetic devices for in vivo applications are likely better pursued with cell extract systems. Although a metabolic load effect was not seen when transcriptional promoter strength or DNA template concentration (Supporting Information Figure S13 ) was decreased, most of the constructs tested resulted in the synthesis of the same amount of total protein (approximately 6 μM). The simplicity of T7-based expression is attractive for the construction of cellular mimics. Weaker transcriptional promoters effectively reduce the amount of RNA made with the PURE system but do not greatly influence total protein output nor the relative expression of protein from each gene position of an operon. Conversely, the position of a gene within an operon strongly influences protein expression while having almost no effect on RNA concentration. Therefore, proteins needed at higher concentrations should be placed at the beginning of the operon, and protein levels are likely better tuned with ribosome binding sites than with transcriptional promoters. Nevertheless, the fact that halving the RNA concentration often has no effect on protein levels demonstrates how inefficient transcription-translation can be. Such inefficiencies may become more important as the complexity of in vitro genetic devices increases.
■ METHODS Genetic Constructs. Genes encoding the fluorescent proteins GFPmut3b (BBa_E0040) and mRFP1 (BBa_E1010) were from the registry of standard biological parts (http:// partsregistry.org). The monomeric version of the cyan fluorescent protein Cerulean (mCerulean) was from Lentini et al. 25 The different versions 26−28 of Spinach were synthesized by Genscript. Nonfluorescent versions of GFPmut3b and mCerulean (i.e. Y66F G67A GFPmut3b and W68F G69A mCerulean) were generated by site-directed mutagenesis with Phusion DNA polymerase (Finnzymes). All genes were subcloned into pET21b by isothermal Gibson assembly. 34 All constructs were confirmed by sequencing by Genechron. More details on the genetic constructs can be found in Supporting Information Table S1 .
In Vitro Transcription. Plasmids were amplified in E. coli DH5α and purified with the Wizard Plus SV Minipreps DNA Purification System (Promega). Subsequently, the DNA was phenol-chloroform extracted, ethanol precipitated, and resuspended in deionized and diethylpyrocarbonate (DEPC) treated water. Genetic constructs were amplified by PCR with Phusion DNA polymerase (Finnzymes) and purified from agarose gels with the Wizard Plus SV PCR cleanup system (Promega). Unless otherwise indicated, a 30 nM final concentration of DNA was used for the transcription reactions with 50 units T7 RNA polymerase (New England Biolabs), 2 mM of each nucleotide (New England Biolabs), 20 units of human placenta RNase Inhibitor (New England Biolabs), and 60 μM DHFBI (Lucerna). The final reaction volume was 50 μL. Reaction components were assembled on ice and then fluorescence kinetic data were acquired at 37°C for 2 h with a Tecan Infinite M200 plate reader with excitation and emission wavelengths of 469 and 501 nm, respectively. Each reaction was repeated at least three times on three different days for a total of nine measurements.
RT-qPCR. An aliquot (3 μL) was taken from each transcription reaction and reverse transcribed with Superscript II Reverse Transcriptase (Invitrogen) following the protocol provided by the manufacturer. Each sample was then 100-fold diluted, and 1 μL of this 100-fold diluted sample was mixed with 5 μL SSo Advanced SYBR Green Supermix (Bio-Rad), 200 nM forward primer (5′-GACGCAACTGAAT-GAAATGGTG-3′), and 200 nM reverse primer (5′-GACGC-GACTAGTTACGGAGC-3′). The volume was adjusted to 10 μL with deionized, sterile water. Real-time PCR was performed with a CFX96 Real-Time PCR machine (Bio-Rad) using an optimized annealing temperature of 59.4°C. Reactions were performed in triplicate.
Cell-Free Transcription−Translation. Unless otherwise indicated, 5 μL transcription−translation reactions with the PURExpress in vitro protein synthesis kit (New England Biolabs) contained 12.6 nM DNA and 4 units of human placenta RNase inhibitor (New England Biolabs). When needed, DHFBI (Lucerna) was added to a final concentration of 60 μM. The reaction components were assembled on ice, and then, the reaction was initiated by incubation at 37°C. Reactions were monitored for 6 h with a Bio-Rad CFX96 RealTime system equipped with a C1000 Touch Thermal Cycler. Channel 1 was used to detect GFPmut3b and Spinach (excitation, 450−490 nm; emission, 515−530 nm), and channel 3 was used to detect mRFP1 (excitation, 560−590 nm; emission, 610−650 nm). Each reaction was repeated at least three times. To test whether transcription−translation could be prolonged, additional reaction components were added to some of the reaction solutions after 6 h incubation at 37°C. When indicated, the following components were added to separate reactions in a manner that doubled the final reaction volume: 13 mM purified ribosomes (New England BioLabs), a full complement of solution A of the PURE system, a full complement of solution A of the PURE system supplemented with 13 mM purified ribosomes, a full complement of solution B of the PURE system, a full complement of both solutions A and B of the PURE system, 50 U of T7 RNA polymerase (New England BioLabs), 12.6 nM DNA template, the full PURE system supplemented with 12.6 nM DNA template, 0.3 U of inorganic pyrophosphatase (New England BioLabs), and water.
Transcription−translation reactions were also monitored with a Photon Technology International (PTI) QuantaMaster 40 UV−Vis spectrofluorometer equipped with two detectors. The reaction conditions were the same as described above except that 5.8 nM DNA and 20 units of human placenta RNase inhibitor (New England BioLabs) were used in a final reaction volume of 25 μL. The excitation and emission wavelengths were 435 and 478 nm, 506 and 514 nm, and 587 and 608 nm for mCerulean, GFPmut3b, and mRFP1, respectively.
Proteins and RNA Standard Curves. His-Tagged versions of GFPmut3b, mCerulean, and mRFP1 were generated by mutating the stop codon of the constructs CD100A, RL005A, RL008A 25 by phusion site-directed mutagenesis (Finnzymes). The resulting constructs coded for GFPmut3b, mCerulean, or mRFP1 with 24 additional residues that included a carboxyterminal hexahistidine-tag. E. coli BL21(DE3) pLysS (Promega) were transformed with each His-tagged construct and grown in LB supplemented with 50 μg/mL ampicillin and 100 μg/mL chloramphenicol at 37°C to an optical density of 0.5 at 600 nm before induction with 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The cells were harvested 4 h after the addition of IPTG by centrifugation at 5000 rpm for 10 min with a Beckman Coulter Avanti J-E centrifuge with a JLA 9100 rotor. The cell pellets were resuspended in 40 mL buffer R (50 mM NaH 2 PO 4 , 300 mM NaCl, 5 mM imidazole, pH 8), supplemented with 100 μL protease inhibitor cocktail (Sigma), and sonicated on ice (4 cycles, 10 s each cycle with 1 min cooling on ice between cycles) with a Branson Sonifier 450. Lysed cells were centrifuged at 15 000 rpm for 30 min at 4°C with a Thermo Scientific Legend X1R centrifuge with a Fiberlite F15-8 × 50 cy rotor. The cleared lysate was loaded on a Ni-NTA column (Qiagen) and successively washed with buffer R and buffer R supplemented with 20 mM imidazole. Bound protein was eluted with buffer R plus 250 mM imidazole. Eluted protein was dialyzed against 20 mM TrisHCl, 150 mM NaCl, 5 mM 2-mercaptoethanol, pH 8. Protein concentrations were determined from the extinction coefficients of GFPmut3b (ε 501 nm = 21,890 M −1 cm −1 ), 35 mCerulean (ε 433 nm = 43 000 M −1 cm −1 ), 35 and mRFP (ε 584 nm = 44 000 M −1 cm −1 ) 36 with an Agilent 8453 UV−vis. Spinach mRNA was purified by using acidified phenol extraction followed by an ethanol precipitation. Briefly, transcription reactions were performed as described above under in vitro transcription except that the reactions were scaled up to 750 μL. Four different templates were used in four different reactions, including FC013A (monocistronic construct), FC019A (two-gene operon, mRFP1 last), FC022A (two-gene operon, mRFP1 first), and FC023A (three-gene operon, mRFP1 last). Five units of DNase I (New England BioLabs) were added to each sample for 1 h at 37°C. The samples were then extracted with 5:1 phenol:chloroform (Sigma). The upper aqueous phase was subsequently extracted with 24:1 chloroform:isoamyl alcohol (Sigma) and ethanol precipitated. 37 RNA samples were resuspended in 0.1 mM EDTA and mixed with 1 volume of 2× RNA Loading Dye (Thermo Scientific). Samples were loaded on a 1% agarose gel and compared against a lane containing RiboRuler High Range RNA Ladder (Thermo Scientific) for quantification with ImageJ. 38 Varying amounts of Spinach encoding RNA were then incubated with 60 μM DHFBI to construct a standard curve that relates fluorescence to RNA concentration.
Statistical Analysis. All statistical analyses used R statistical computing software. 39 The RNA transcription rate was identified by fitting the Spinach fluorescence data to
where c represents the transcription rate. Fitting the protein kinetic data to a logistic model instead identified the translation rate:
where C represents the translation rate. In both cases, the parameters were estimated by using a nonlinear least-squares analysis with the Gauss−Newton algorithm. Linear and logarithmic models were estimated using least-squares estimators. The significance of the estimated models (p-values) were based on F-test statistics.
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